Abstract A study of the evolution of the pulse width in homogeneous dielectric barrier discharge at atmospheric pressure with helium as the working gas is reported by using a onedimensional fluid model. In this paper, a new computational method is presented to estimate the pulse width through calculating the time interval between the breakdown voltage and the extinguishing voltage. The effects on the discharge characteristics of the applied voltage and excitation frequency are studied based on the computational data. The results of the simulation show that the pulse width is observed to be narrower and the time intervals between two consecutive current pulses decrease with increasing amplitude and excitation frequency, which indicates that the homogeneous discharge is susceptible to the filamentary mode. The simulation results support the conclusion that in order to restrain the transition from the glow mode to filamentary mode, the applied voltage and excitation frequency should be kept within an appropriate range.
Introduction
Dielectric barrier discharge (DBD) at atmospheric pressure has attracted much attention because of its excellent properties of having good stability, uniformity, non-toxicity and high energy efficiency [1, 2] . These discharge properties are of importance for many applications [3∼5] , such as thin film deposition, surface modification of polymers, cleaning techniques and plasma display panels. It is known that DBD is ignited in a filamentary mode, comprising many short (about 10 ns), narrow (about 100 µs) current filaments, randomly distributed in time and space over the whole dielectric surface. However, many experimental and computational studies have suggested that homogenous atmospheric DBD can be obtained under specific discharge conditions. Early research showed that the homogeneous DBD in atmospheric pressure helium is characterized by single current pulse of several microseconds [6] . This type of discharge is called atmospheric pressure glow discharge (APGD) because of its similarity to low-pressure glow discharge. Subsequent studies have suggested that it is also possible to obtain multiple current pulses [7] per half cycle of the applied voltage, which is called pseudoglow discharge. The characteristics of multiple-pulse DBD have been investigated both experimentally and numerically, and a few explanations have also been given for the behavior of the multiplepulse DBD. AKISHEV et al. pointed out that the formation of multiple current pulses is due to the negative differential resistance of the cathode fall region, which essentially occupies the entire interelectrode gap in half cycle of the applied voltage [8] . MANGOLINI et al. thought that the multiple current pulses corresponded to the breakdowns in different radial positions, which implies that the second current pulse is different from the first one in their occurrence mechanisms [9] . GOLUBOVSKII et al. attributed the formation of the multiple current pulses to a lag of ion production near the anode and the subsequent ion-electron emission on the cathode [10] . Moreover, the investigation by WANG et al. [11] shows demonstrably that smaller gap width, higher applied voltage and lower frequency are all factors in favor of the formation of multiple-pulse homogeneous DBD, and in these factors the smaller gap width is a necessary one for generating multiple current pulses. For deeper understanding of APGD, one of the important aspects that need to further study is the transition between filamentary and glow modes. As described above, the fundamental insights into the DBD have been obtained. The major difference between glow or pseudoglow discharge and filamentary discharge lies in their width of the current pulses. In filamentary mode, the width of the current pulse is generally about several or a few nanoseconds. However, the width of the current pulse is generally larger than a hundred nanoseconds in glow mode.
In the present work, a new computational method is used to calculate the width of the current pulse. Based on the one-dimensional fluid model of the DBD in atmospheric pressure helium, the influences of discharge parameters on the multiple-pulse DBD are numerically simulated. The effects on the discharge characteristics of the amplitude and excitation frequency of applied voltage are investigated in detail.
Description of the model
The plasma source used in this paper consists of two parallel electrodes, both covered with thin dielectric layers. The atmospheric helium plasma is generated between two electrodes under sinusoidal applied voltage, and six main species are taken into account in the simulation, namely, electrons e, atomic ions He + , molecular ions He . The simulation is based on a one-dimensional fluid model. The following continuity equations with regard to the densities of all species in the discharge space are described by
where n i and j i are the density and flux of species, G i and L i are the generation term and recombination term. Within the drift-diffusion approximation, the flux j i , deduced from the momentum equation is given by
where E is the electric field, µ i and D i are mobility and diffusion coefficients, respectively. In this model, the electric field is determined by current conservation equation, instead of Poisson equation, which is given by
where i T is the total discharge current density, i c is the conduction current density, ε(x) is either the permittivity of dielectric barrier ε 0 ε B or helium gas ε 0 depending on the location of x. Here, ε 0 and ε B are the vacuum permittivity and relative permittivity of dielectric layer, respectively. Note that the conduction current density i c can be determined by
where j p (x,t) and j e (x,t) are the ion and electron fluxes, respectively, which are given by Eq. (2), e is the elementary charge. The total current density i T can be obtained by integrating Eq. (3) between the electrodes,
where x 1 and x 2 denote respectively the left and right border of the gas gap, d B and d g are the thicknesses of the dielectric barriers and the gas gap, respectively, and υ a represents the applied voltage. The mobility and diffusion coefficients are taken from Ref. [16] , and the secondary emission coefficient is assumed to be a constant with the value being 0.01 for all ions. The detailed descriptions of numerical scheme can be found in Ref. [17] .
Results and discussions
It is recognized that atmospheric pressure glow discharge is preferred for many industrial applications, but when the discharge parameters are changed, the homogenous discharge is susceptible to the filamentary mode, where the filamentary discharge channels with high gas temperature are distributed randomly in the discharge region. How to keep the discharge in glow mode, namely keep the plasmas uniform with lower gas temperature, is always an important issue in atmospheric dielectric barrier discharge.
It has been demonstrated that high voltage amplitude and frequency can effectively change the discharge behavior from a glow to a filamentary mode. As described above, the major difference between glow or pseudoglow discharge and filamentary discharge lies in their width of the current pulses. Therefore, it is particularly desirable to study the influences of the amplitude and frequency of the applied voltage on the pulse width. In this paper, a new computational scheme is proposed to calculate the pulse width by means of the time interval between the breakdown and extinguishing voltage. The breakdown voltage is obtained at the instant when the gas voltage, not the applied voltage, arrives at the peak value in the increasing phase of applied voltage, and the extinguishing voltage is obtained at the moment when the gas voltage reaches the lowest value. In the curve of gas voltage, the derivatives of the gas voltage are zero at the points representing the breakdown voltage and extinguishing voltage.
Based on the one-dimensional fluid model, the systematic simulation for the DBD in atmospheric pressure helium is performed. The effects of the amplitude and frequency of applied voltage on the characteristics in atmospheric dielectric barrier discharge with pure helium are investigated in detail. In the present simulation, the gap width is 0.2 cm, and the thickness of dielectric barrier are 0.1 cm with a permittivity of 7.5, and the secondary electron emission is also considered with the coefficient of 0.01.
Effects of the amplitude of applied voltage
By applying different voltage amplitude, the discharge characteristics of the DBD are simulated. Fig. 1 presents the evolution of the breakdown voltage and extinguishing voltage with increasing applied voltage. From Fig. 1 , the breakdown voltage increases from 955 V to 1048 V, representing only a 1.1% improvement, as the breakdown voltage depends only on the products of Pd. However the extinguishing voltage decreases from 900 V to 326 V, more than 3 times reduction, mainly due to the reduction of electric field in the gas gap caused by the additional electric field. When the total current density grows, the electron density becomes larger, which indicates that the ignition is getting stronger, and the pulse width becomes narrower. As shown in Fig. 2 , the total current density increases from 0.48 mA/cm 2 to 5.5 mA/cm 2 and the pulse width decreases from 5.2 µs to 1.8 µs with increasing applied voltage. The simulation results are able to correlate the experimental observation of MAN-GOLINI [9] . Obviously an enhancement of the discharge current density inevitably occurs simultaneously with a decrease of the pulse width. In order to keep the pulse width within a certain value, the current density should not be very high. When the applied voltage increases continually, the homogenous DBD might exhibit multiple current peaks per half cycle of the applied voltage. The results of simulation show that at 1900 V only one current peak can be observed with the top value of about 5.5 mA/cm 2 , and as the amplitude of applied voltage is raised, two, three even four current pulses occur in each half cycle with the voltages being 2300 V, 2800 V and 3600 V, respectively. A similar experimental observation has been reported in Ref. [7] , and the underlying physics mechanism has been investigated in Ref. [11] . For multiple pulse discharge, it is desirable to study the time interval between two consecutive current pulses, i.e. the time interval between the last extinguishing point and the next breakdown point. Fig. 3 presents the time interval between two consecutive current pulses as a function of the applied voltage. The time intervals between the first current pulse and the second one are 12.8 µs and 8.5 µs at the applied voltages of 2000 V and 2400 V, respectively, as seen in Fig. 3(a) . Then, it decreases smoothly with increasing applied voltage. A similar variation trend is also given in Fig. 3(b) . The time interval between the second current pulse and the third one tends to slowly decrease with increasing applied voltage after drastical decreased from 2700 V to 3300 V. The simulation results can be confirmed by referring to the experimental data listed in Table 1 in Ref. [18] .
It should be mentioned that the pulse width in atmospheric DBD with single or multiple pulses decreases significantly by increasing the applied voltage. Therefore the applied voltage amplitude should be kept in an appropriate range to avoid the transition from glow mode to filamentary mode. That is to say, homogenous DBD cannot occur under very high applied voltage.
Effects of excitation frequency
The discharge characteristics of the DBD are also evidently influenced by the excitation frequency of the applied voltage. We have systematically calculated the frequency dependence of the discharge characteristic. In calculations, the applied voltage amplitude is taken as 1500 V and the other parameters are the same as used in section 3.1.
It is clear from Fig. 4 that the breakdown voltage increases from 997 V to 1090 V, and the growth gradually changes with increasing frequency. However, the extinguishing voltage decreases from 624 V to 272 V, about 2.3 times reduction, which is due to the accumulation of space charges in the gas gap. As the excitation frequency increases, more electrons become trapped in the discharge space. The enhancement of the space electric field causes the extinguishing voltage to decrease drastically. As shown in Fig. 5 , the current density increases with increasing frequency, and the reverse is true for the pulse width versus frequency. At 20 kHz, the total current density grows to 8.9 mA/cm 2 , but the pulse width reduces, i.e. gets narrower to 1.58 µs. The corresponding experimental observations have been reported in Ref. [7] . The simulation results are in good agreement with the experimental measurement obtained by RADU. This shows that higher frequency is not favorable to stable homogenous DBD. Therefore the excitation frequency should also be kept within an appropriate range to prevent the generation of filaments between the electrodes. The simulation results show that more and more current peaks are formed when the applied voltage frequency decreases continually. Similarly, the time intervals between two consecutive current pulses would be affected by the frequency. Fig. 6(a) and (b) illustrates the change of the time intervals with the excitation frequency. As the excitation frequency increase, the time intervals between consecutive current pulses decrease, which reduce the losses of the charged particles. Therefore, more charged particles would be trapped in the discharge space, which causes the current density to increase. Apparently, the larger current Fig.6 Time interval between two consecutive current pulses as a function of the excitation frequency (a) between the first peak current and the second one; (b) between the second peak current and the third one density inevitably occurs simultaneous with the decrease of the pulse width. In the present simulation with the parameters described above, the discharges are operating in glow mode when the excitation frequency is smaller than 20 kHz.
Conclusion
Homogeneous DBD with multiple current pulses at atmospheric pressure with helium as the working gas has been investigated by using a one-dimensional fluid model. The effects of applied voltage and excitation frequency on the characteristics of APGD with multiple pulses are studied based on the computational results. By considering the breakdown voltage and extinguishing voltage in APGD, the pulsed width is estimated and the corresponding variations are revealed. The rapid decrease of the pulse width can be observed by increasing the applied voltage and excitation frequency, which means the discharge is susceptible to the filamentary mode when the applied voltage or the excitation frequency are high. Consequently, to keep the discharge running in homogenous glow mode, the pulse width should be maintained at a certain width. The applied voltage and excitation frequency beyond a specific range would destroy the diffusion plasmas, even resulting in filamentary discharge. Thus, they should be operated in an appropriate range to avoid the transition to filamentary mode. 
